Introduction
Generation of the catalytically active L•Pd(0) species is a necessary but often overlooked first step in most Pd-catalyzed cross-coupling processes. We recently found that this step was problematic in the Pd-catalyzed fluorination of aryl triflates using the biaryl phosphine ligand AdBrettPhos (1, Figure 1 ) [1] . Traditionally, Pd(0) species are accessed by combining the desired ligand (e.g. 1) with either a Pd(II) precursor such as PdCl 2 , Pd(OAc) 2 , or [(cinnamyl)PdCl] 2 (Figure 1 , Left) or a stable Pd(0) precursor such as Pd 2 (dba) 3 or Pd(dba) 2 ( Figure 1 , Top). However, both of these methods have drawbacks: the use of Pd(II) precursors requires in situ reduction to Pd(0) , which is inefficient in many cases and generates potentially reactive byproducts such as Cl − and AcO − , while commercially available samples of Pd n (dba) m species are of variable quality [2] and release dba upon activation, which is known to have an inhibitory effect on some cross-coupling reactions [3] . In addition, both methods require an excess of the desired ligand relative to Pd. As an alternative to these methods, our laboratory has developed stable pre-ligated Pd(II) species that activate in the presence of base to release the desired L•Pd(0) species without the requirement for additional ligand relative to Pd [4] . However, our third generation precatalyst 1a for 1 (Figure 1 , Right) [5] generates one equivalent of both carbazole and acid upon activation; these byproducts were shown to dramatically decrease the yield of Pdcatalyzed fluorination when using this precatalyst [1] . A less explored alternative to these pathways would be a precatalyst strategy using a L•Pd(0) species instead of a L•Pd(II) species, which would preclude the necessity of base for precatalyst activation. Although many biaryl phosphine-ligated Pd(II) complexes have been isolated, there exist only a few examples of related Pd(0) complexes [6] . This is due to the high reactivity of electron-rich phosphine-ligated Pd(0) complexes and their tendency to decompose via oxidation or Pd nanoparticle formation. Nonetheless, we recently reported that combining equimolar quantities of 1 and [(1,5-COD)Pd(CH 2 TMS) 2 ] (1,5-COD = 1,5-cyclooctadiene) in pentane resulted in precipitation of what we propose to be 2 ( Figure 1 , bottom), which despite containing two Pd(0) centers is indefinitely stable at room temperature under N 2 [1] . Most importantly, 2 readily activates by dissociation of the otherwise innocent 1,5-COD ligand. For example, when exposed to 4-nBuPhOTf 2 converts to 1•Pd(4-nBuPh)OTf in less than 10 min at room temperature. This property makes 2 an ideal precatalyst for the Pd-catalyzed fluorination of aryl triflates [1] . Unfortunately, 2 is highly insoluble or unstable in most organic solvents, making its characterization difficult. We describe herein further investigation of the structure of 2 by solid-state NMR and X-ray cystallographic studies of a related trigonal planar Pd(0) complex. In addition, we report the ability of 2 to dissociate 1,5-COD and react with CDCl 3 to produce a dearomatized complex and to undergo oxidative addition to aryl bromides at room temperature. Lastly, we report our attempts to synthesize [(1,5-COD)(L•Pd) 2 ] species for other biaryl phosphine ligands, which may prove useful as precatalysts for reactions that are inhibited by the byproducts generated from activation of other Pd sources and/or reactions that do not require the addition of base.
Experimental

Materials
Pentane was purchased from Aldrich in Sure-Seal ™ bottles and sparged with argon before use. CD 2 Cl 2 , CDCl 3 , and toluene-d 8 were purchased from Cambridge Isotopes in sealed ampules and used without further purification. Preparations of AdBrettPhos (1) [7] , tBuBrettPhos (6) [8] , RockPhos (7) [8] , 2 [1] , 5 [9] , 12 [10] , 13 [9] , 14 [10] , and 17 [11] have been previously described. The tBuXPhos (8) used in this work was purchased from Sigma Aldrich. The BrettPhos (15) used in this work was received as a gift from Sigma Aldrich, for which we are grateful. [(1,5-cyclooctadiene)Pd(CH 2 TMS) 2 ] was prepared according to the literature [12] or using a modification of this procedure [1] and was stored at −20 °C in a nitrogen-filled glovebox when not in use. All other reagents were purchased from commercial sources and used without further purification.
Physical Methods
New compounds were analyzed by 1 H, 13 C, and 31 P NMR, and by IR spectrometry. Air sensitive compounds 2, 9-11, and 16 could not be successfully characterized by elemental analysis. 1 H and 13 C NMR spectra were recorded on a Varian XL 300 MHz or Varian Inova 500 MHz spectrometers and were calibrated using residual solvent as an internal reference. 31 P{ 1 H} spectra were recorded on a Varian XL 300 MHz or Varian Inova 500 MHz spectrometer and were calibrated to an external standard of concentrated H 3 PO 4 (δ 0.0 ppm). The following abbreviations were used to explain multiplicities: s = singlet, d = doublet, t = triplet, pt = pseudotriplet, q = quartet, p = pentet, m = multiplet. IR spectra were recorded on a Thermo Scientific Nicolet iS5 Fourier Transform IR Spectrometer. Solid-state NMR spectra were recorded at 750 MHz 1 H frequency using a home-built spectrometer courtesy of David Rubin (MIT) and a triple channel Bruker 1.3 mm triple resonance probe (Bruker Biospin, Billerica, MA). Spectra acquired at 750 MHz were rotated at a MAS frequency of 60 kHz. 15 kHz TPPM proton decoupling was used in all experiments. Protons were suppressed prior to cross polarization to minimize the contributions from protons not bonded to 13 C. The pulse sequence used to acquire 1 H-13 C spectra is as follows: polarization is transferred from 1 H to 13 C by cross polarization (CP), which then evolves on 13 C for a time t 1 with 15 kHz of 1 H decoupling. The 13 C signal is then stored along z and proton signal is saturated to minimize the signal from protons not bonded to 13 C. A second CP transfers signal from 13 C to 1 H, which is then detected. The cross polarization contact time is 1.5 ms for the transfer from 1 H to 13 C and contact times of 0.2 ms and 0.5 ms for the transfer from 13 C to 1 H, respectively [13] . The indirect 13 C dimension was sampled to 12.5 ms, and the 1 H dimension for 40 ms. The 1 H dimension was apodized with a 90 Hz gaussian filter, and the 13 C dimension was apodized with a 50 Hz gaussian filter. All spectra were referenced to the water peak of an external sample at 4.8 ppm. 13 C shifts are reported on the DSS scale. Spectra were processed, displayed and assigned using the NMRPipe software package (Goddard and Kneller, University of California, San Francisco).
X-ray crystallographic methods
X-ray crysallographic studies were carried out by Dr. Stacey Smith (MIT) using a Siemens three-circle Platform diffractometer coupled to a Bruker-APEX CCD detector. Yellow crystals of 3 (C 44 H 61 DCl 3 O 2 PPd) were grown by vapor diffusion of a solution of 3 in TMBE using pentane. The structure of 3 has unit cell dimensions of 21.400 Å × 10.397 Å × 18.224 Å. The structure of 3 was highly disordered. A large fraction of the molecule (which contained multiple interconnected ligands) was refined as a two-part disorder, which produced better results than using a larger unit cell with two separate molecules in the asymmetric unit. Only half of the top ring of the ligand was refined as a two-part disorder; the thermal ellipsoids were significantly better-behaved as such than if the entire ligand was split. Yellow crystals of 4 (C 53 H 68 NO 4 PPd) were grown by vapor diffusion of a solution of 4 in 1:1 TBME:CH 2 Cl 2 using pentane. The structure of 4 has unit cell dimensions of 15.853 Å × 14.116 Å × 20.129 Å.
Chemical syntheses
3:
In a nitrogen-filled glovebox, 2 was dissolved in CDCl 3 (0.5 mL). The resulting suspension was vigorously stirred for 10 min to give a dark yellow solution. The solvent was then removed under high vacuum. Pentane (1 mL) was added to the resulting brown oil, and the mixture was vigorously stirred for 1 min at which time the solvent was removed under vacuum. The process was repeated a total of three times to yield 3 as bright yellow powder. 1 
4:
In a nitrogen-filled glovebox, N-phenylmaleimide (19 mg, 0.11 mmol, 2.2 eq.) was suspended in pentane (10 mL). To this suspension was added 2 (80 mg, 0.050 mmol, 1.0 eq.). The non-homogenous solution was allowed to vigorously stir at room temperature for 48 h, during which time a color change from pale to bright yellow was observed. The mixture was cooled to −20 °C and kept at this temperature for 1 h, at which time it was filtered through a sintered glass frit. The filter cake was washed thoroughly with pentane (3 × 5 mL) to yield 4 (80 mg, 84%) as a bright yellow solid. 1 General procedure for preparation of 9-11-In a nitrogen-filled glovebox, phosphine ligand (0.21 mmol, 1.00 eq.) and [(1,5-cyclooctadiene)Pd(CH 2 TMS) 2 ] (80 mg, 0.21 mmol, 1.00 eq.) were suspended in pentane (5.0 mL). The reaction mixture was stirred vigorously at room temperature, during which time a solid precipitated from solution. After 48 h, the non-homogenous mixture was filtered though a sintered glass frit. The filter cake was washed with pentane (10.0 mL) to yield the desired complex. General procedure for reaction of 2, 9-11 with 4-nBuPhBr-In a nitrogen-filled glovebox, the precatalyst (0.010 mmol, 1.0 eq.) was suspended in toluene-d 8 (1.0 mL) in an oven-dried screw-cap NMR tube. 4-nBuPhBr (3.9 μL, 0.022 mmol, 2.2 eq.) was then added, and the NMR tube was capped and removed from the glovebox. After <10 min. at room temperature, the homogenous reaction mixture was analyzed by 31 P NMR (121 MHz) and 1 H (300 MHz, toluene-d 8 ) and compared to the spectra for the corresponding oxidative addition complex reported in the literature. In every case, 0.5 eq. of 1,5-COD could be detected by 1 
9:
H NMR integration (300 MHz, toluene-d 8 ).
Procedure for reaction of 16 with 4-nBuPhBr-In a nitrogen-filled glovebox, 16 (15.0 mg, 0.020 mmol, 1.0 eq.) was suspended in toluene-d 8 (1.0 mL) in an oven-dried screw-cap NMR tube. 4-nBuPhBr (3.9 μL, 0.022 mmol, 1.1 eq.) was then added, and the NMR tube was capped and removed from the glovebox. After <10 min. at room temperature, the homogenous reaction mixture was analyzed by 31 P NMR (121 MHz) and 1 H (300 MHz, tol-d 8 ) and compared to the spectra for the corresponding oxidative addition complex reported in the literature. In this case, 1.0 eq. of 1,5-COD could be detected by 1 H NMR integration (300 MHz, toluene-d 8 ).
Results and Discussion
Solid state NMR studies of 2
To circumvent the problem of the poor solubility of 2 in organic solvents, it was characterized by solid-state 1 H, 13 C and 1 H-13 C correlation NMR experiments (Figure 2 ). The number of observed signals in the 13 C NMR spectrum suggests that 2 is symmetrical, which is in agreement with our proposed C 2 -symmetric structure. Although the solidstate 1 H NMR spectrum of 2 was not detailed enough to yield clear structural information, no signals downfield of 10 ppm or upfield of 0 ppm were observed. Complex 2 was also analyzed by cross polarization based 1 H-13 C correlation NMR using two different length second cross polarization steps ("short" and "long") to detect 1 H-13 C contacts. These spectra are also consistent with the proposed structure, as most of the contacts are between aromatic 1 H and 13 C signals, and aliphatic 1 H and 13 C signals. The unusual signal observed in the 13 C NMR dimension at δ 83 ppm does not correspond to any signals in isolated samples of 1 or 1,5-cyclooctadiene, and thus likely corresponds to the alkene carbons of 1,5-COD ligand bound to the Pd center of 2. Indeed, this signal only shows 1 H- 13 C contacts with signals in the aliphatic region (δ <5 ppm) in the 1H NMR dimension, as would be expected for the alkene carbons of the central 1,5-COD ligand. The signal for this carbon is shifted significantly upfield from where it is normally observed for free1,5-cyclooctadiene (δ ~130 ppm), an effect likely due to significant π-backbonding from the metal center. In all, the solid-state NMR spectra presented here are wholly consistent with the proposed structure of 2. However, at this time the preferred conformation of the central 1,5-COD ligand in the solid state remains unclear.
Preparation of 3-5 from 2
We also investigated processes in which 2 loses 1,5-COD to act as a source of 1•Pd(0). Although 2 is insoluble in most organic solvents, it readily dissolves in CDCl 3 to generate 0.5 equiv. of 1,5-cyclooctadiene relative to Pd and what X-ray crystallographic analysis revealed to be dearomatized Pd(II) complex 3 ( Figure 3) . A nearly identical species bearing a related ligand and also possessing η 3 -binding of the dearomatized ring to the Pd center has been previously reported [14] . This species likely does not form by oxidative addition of 1•Pd(0) to CDCl 3 followed by a dearomative rearrangement similar to that reported for other Pd(II) complexes of 1 [7, 9] because the CDCl 2 and Pd center are bound to opposite faces of the lower ring of the ligand. Instead, a carbene mechanism is proposed to be involved in the formation of 3 [14] .
The 1,5-COD ligand in 2 could also be exchanged with the more π-acidic olefin Nphenylmaleimide to form 4 (Figure 4) , which was significantly more soluble in organic solvents than 2. Thus, 4 could be characterized by solution-state NMR and X-ray crystallography (Figure 4) . Complex 4 possesses a trigonal planar structure at the Pd(0) center, which is coordinated to the phosphine and the ipso carbon [15] of the lower ring of 1, as well as to the N-phenylmaleimide ligand. As expected, the Pd-C2 (2.13(6) Å) and Pd-C3 (2.11(6) Å) bond lengths are similar. This complex also possesses a much shorter Pd-ipso distance (2.03(4) Å) than that reported for 1•Pd(4-CNPh)Br (2.49(6) Å) [7] , indicating stronger binding of the Pd center to the lower ring of the ligand in the case of the Pd(0) complex. The improved stability and solubility of 4 compared to 2 is likely due to the stronger π-backbonding ability of N-phenylmaleimide compared to 1,5-COD. Consistent with this hypothesis, the C2-C3 bond length in 4 is elongated (1.41(7) Å) relative to that of a typical double bond (1.34 Å), and the 13 C NMR (125 MHz, CD 2 Cl 2 ) resonance for the C=O carbon in 4 is shifted 35 ppm upfield from where it is normally observed. Due to these effects, 4 is significantly less reactive than 2, and does not as readily undergo oxidative addition or behave as a precatalyst for the fluorination of aryl triflates. Nonetheless, this finding suggests that the solubility and reactivity of Pd(0) complexes of 1 can be tuned by choosing the appropriate auxiliary alkene ligand.
Lastly, we have found that 2 can also oxidatively add to 4-nBuPhBr to produce 1•Pd(4-nBuPhBr) (5) in less than 10 min at room temperature [9] , generating 0.5 equiv. of 1,5-cyclooctadiene relative to Pd ( Figure 5) . Thus, the application of 2 as a precatalyst for Pdcatalyzed cross-coupling reactions should not be limited to reactions of aryl triflates. Indeed, we have recently employed 2 as a precatalyst for the Pd-catalyzed fluorination of aryl bromides and iodides [16] .
Preparation of other [(1,5-COD)(L•Pd) n ] (n = 1-2) species
We next investigated how general this precatalyst framework is by preparing analogous Pd(0) complexes of other biaryl phosphine ligands. When combined with [(1,5-COD)Pd(CH 2 TMS) 2 ] in pentane, the bulky di-tBu ligands tBuBrettPhos (6), RockPhos (7), and tBuXPhos (8) also form isolable complexes 9-11 with concomitant loss of 0.5 equiv. of 1,5-COD (Figure 6 ). Like 2, these complexes are nearly insoluble in most organic solvents and rapidly undergo oxidative addition to 4-nBuPhBr in toluene-d 8 to produce the corresponding previously reported oxidative addition complexes 12-14 [9] [10] [11] , generating 0.5 equiv. of 1,5-cyclooctadiene relative to Pd in the process (Figure 6 ). Based on these results, we expect that 9-11 should possess similar properties to 2.
In contrast, when the smaller di-cyclohexyl ligand BrettPhos (15) was combined with [(1,5-COD)Pd(CH 2 TMS) 2 ], only trace amounts of 1,5-COD could be detected in the mother liquor of the reaction, suggesting that the generated species 16 possesses a 1:1:1 ratio of 15:Pd:1,5-COD instead of the 1:1:0.5 ratio possessed by 2 and 9-11 ( Figure 7) . Indeed, when 16 was exposed to 4-nBuPhBr in toluene-d 8 , full conversion to the previously reported complex 17 [11] 
Conclusion
We have provided further evidence for our proposed symmetric structure of precatalyst 2 (Section 3.1). Further insight into the principal reactivity of 2 as a source of 1•Pd(0) (Section 3.2) reveals that dissociation of 1,5-COD from this complex occurs readily at room temperature. Despite its high reactivity, 2 is thermally stable at room temperature and reasonably air/moisture stable, making it an ideal precatalyst for Pd-catalyzed crosscoupling reactions using 1 as the supporting ligand. We have also found that the general strategy of developing stable Pd(0) precatalysts for other biaryl phosphine ligands, such as 6-8 and 15, is feasible (Section 3.3). In the future we will focus on applying our new highly active precatalyst towards Pd-catalyzed reactions that are inhibited by the byproducts resulting from activation of other Pd sources, as well as those reactions for which the addition of base is not necessary.
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